The structure and expression of a senescenceassociated gene (SPG31) encoding a cysteine proteinase precursor of sweet potato have been characterized. The coding region of the gene consists of two exons encoding an enzyme precursor of 341 amino acids with conserved catalytic amino acids of papain. Examination of the expression patterns of the SPG31 gene in sweet potato by Northern blot analyses reveals that the transcripts of SPG31 are specifically induced in the senescing leaves but not in other organs. The differential accumulation of the mature SPG31 protein in the senescing leaves was further identified by two-dimensional electrophoresis of leaf proteins and Nterminal sequencing. This result suggests the important role played by SPG31 in proteolysis and nitrogen remobilization during the leaf senescence process. Furthermore, treatment of mature green leaves with ethylene for 3 d resulted in a high-level induction of SPG31 transcripts. Ethylene-regulated expression of SPG31 is consistent with the presence of a number of putative ethylene-responsive elements in the 899-bp SPG31 promoter region.
Introduction
Leaf senescence is the final stage of leaf development that is characterized by degradative processes involved in the active turnover and remobilization of cellular materials from the senescing leaf to other growing parts of the plant (Noodén 1988 , Smart 1994 . Leaf senescence progresses in an agedependent manner, but it is also affected by a complex interaction of developmental stage with various internal and environmental factors (Noodén et al. 1997 , Nam 1997 . Internal factors include age and phytohormone levels; environmental factors include stresses such as temperature extremes, shading, high light, drought, nutrient deficiency and pathogen infection (Hensel et al. 1993) . Senescence is regulated by the coordinated expression of specific genes, and many senescenceassociated genes (SAGs) have been identified (BuchananWollaston 1997 , Weaver et al. 1997 , Quirino et al. 2000 . The encoded gene products of SAGs are principally involved in the degradation or remobilization of biomolecules, but they are also involved in protecting cell viability for completion of the senescence process. Some leaf SAGs are expressed also during the senescence of other organs and not uniquely during leaf senescence. Many SAGs have functions that remain unknown. Some are likely involved in triggering leaf senescence or controlling its progression (Chandlee 2001) .
We have been studying the molecular mechanism of leaf senescence and have cloned and characterized a number of SAG cDNAs in sweet potato and rice , Lee et al. 2001 . One of these, SPG31, is a gene encoding cysteine proteinase with an mRNA expression that is highly specific in sweet potato senescing leaves. A number of cDNA clones encoding cysteine proteinases have been reported previously to be up-regulated in various senescing tissues of plants. Arabidopsis SAG2 (Hensel et al. 1993 ) and SAG12 (Lohman et al. 1994) , BnSAG12 of Brassica napus (Noh and Amasino 1999b) , corn See1 (Griffiths et al. 1997) , tomato SENU2 and SENU3 (Drake et al. 1996) , brinjal SmCP (Xu and Chye 1999) , ryegrass See1 (Li et al. 2000) and tobacco NTCP-23 (Ueda et al. 2000) are all up-regulated during leaf senescence. Carnation pDCCP1 (Jones et al. 1995) , daylily SEN102 (Valpuesta et al. 1995) and SEN11 (Guerrero et al. 1998 ) are induced during flower senescence. Pea tpp (Granell et al. 1992 ) and TPE4A (Cercòs et al. 1999) are up-regulated during ovary senescence. Cysteine proteinase may play an important role in proteolysis and nitrogen remobilization during the senescence process. Enhanced expression of cysteine proteinase may also be involved in the regulation of programmed cell death during xylogenesis, reproduction, senescence and pathogenesis (Xu and Chye 1999 , Solomon et al. 1999 , Schmid et al. 1999 . In this paper, we characterize the structure of the sweet potato cysteine proteinase gene SPG31 and its expression pattern in response to phytohormone treatment. We found that expression of SPG31 is highly specific in senescing leaves and is highly ethylene-responsive.
Results and Discussion
Isolation and characterization of the sweet potato senescenceassociated gene SPG31 encoding cysteine proteinase
We previously isolated a 314-bp partial cDNA fragment of clone SPG31 by differential display of sweet potato leaf mRNAs ). 5¢-RACE was thus performed to isolate the full-length cDNA. SPG31 cDNA (GenBank Accession No. AF242185), with a size of 1,302 bp, has a 75-bp 5¢-untranslated region and a 201-bp 3¢-untranslated region. The reading frame in this cDNA encodes a pre-pro-protein of 341 amino acids with a predicted molecular mass of 37,020 Da (pI 4.97) (Fig. 1) . The SPG31 genomic sequence and the 5¢-upstream sequence were further isolated (GenBank Accession No. AY055589) from leaf DNA of sweet potato using the longdistance PCR and chromosome walking methods (Fig. 1) . SPG31 genomic DNA, with a size of 2,294 bp, contains a 103-bp short intron when compared with the cDNA sequence. The putative transcription start site shown at position 1 (G) of Fig. 1 awaits further evidence from primer extension or S1 mapping experiment. The 5¢-upstream sequence of 899 bp was searched for cis-acting regulatory elements with the PlantCARE database (Rombauts et al. 1999) . A number of putative ethyleneresponsive elements, wound-responsive elements, heat-stressresponsive elements and light-responsive elements were found in this promoter region.
A comparison of the deduced amino acid sequence of SPG31 with other precursor proteins of cysteine proteinases, the expression levels of which are all up-regulated during leaf senescence, is shown in Fig. 2 . The SPG31 protein shows a structural similarity of 70% to Arabidopsis SAG12 (Lohman et al. 1994) and Brassica napus SAG12-1 (Noh and Amasino 1999b), 59% to corn See1 (Griffiths et al. 1997 ), 60% to ryegrass See1 (Li et al. 2000) , 58% to tobacco NTCP-23 (Ueda et al. 2000) , 56% to tomato SENU3 (Drake et al. 1996) and 49% to brinjal SmCP (Xu and Chye 1999) . The putative cysteine proteinase activity of the SPG31 protein is supported by the conservation of the catalytic triad at positions Cys-147, His-284 and Asn-305. SPG31 can be classified as a papain family member according to sequence similarity and the conserved positions of the amino acids forming the active site (Kamphuis et al. 1985 , Cohen et al. 1986 . A putative site to cleave the hydrophobic N-terminal signal peptide for targeting to ER was predicted between Ala-22 and Tyr-23 (Nielsen et al. 1997) , which require further investigation. The enzyme precursor is found to be cleaved between Ser-121 and Ser-122 to generate the mature enzyme, which was identified by N-terminal sequencing of the mature protein as described later. A conserved ERFNIN motif can be found in the propeptide region of SPG31 and also in the propeptide regions of Arabidopsis SAG12, Brassica napus SAG12-1, tobacco NTCP-23 and tomato SENU3. According to Karrer et al. (1993) , these cysteine proteinases belong to the subfamily of the cathepsin H-and cathepsin L-like proteinases and are different from the cathepsin B-like proteinases. Two potential N-glycosylation sites are also predicted in the propeptide region of SPG31 using the ScanProsite tool. It is worth mentioning that no vacuolar targeting signal sequence is present in SPG31, nor in SAG12 or SAG12-1, both of which are most similar to SPG31. In contrast, corn See1, ryegrass See1, tobacco NTCP-23 and tomato SENU3, which show high levels of homology to cysteine proteinase oryzain g and aleurain (Watanabe et al. 1991) , are likely vacuolar enzymes judging from the presence of the typical targeting signal. All the cysteine proteinases listed in Fig. 2 lack a C-terminal K/HDEL motif that functions as a retention signal for the ER lumen (Bednarek and Raikhel 1992) . The secretory pathway of SPG31 from the ER remains to be elucidated.
Tainong 57, an elite sweet potato cultivar derived from a cross between Tainong 27 and Nancy Hall, has a hexaploid number of chromosomes (2n = 6x = 90). To analyze the copy number of SPG31 in the sweet potato genome, genomic Southern blot analysis was performed with 3¢-end region of SPG31 cDNA (300 bp) as probe. The autoradiogram reveals 3-8 bands in restriction enzyme digests (Fig. 3) , suggesting that SPG31 belongs to a small multigene family of closely related sequences in the hexaploid genome. 
Expression analysis of SPG31 mRNA in sweet potato
To study the expression pattern of SPG31 mRNA at different stages of leaf development, Northern blot analyses with SPG31 full-length cDNA as probe were performed. RNA samples were extracted from leaves of sweet potato that were harvested at Stage Y1 (folded young leaf), Y2 (young leaf beginning to unfold), MG (fully expanded mature green leaf), S1 (senescing leaf of 70-90% Chl), S2 (50-70% Chl) and S3 (30-50% Chl). It was shown that SPG31 mRNA was absent in young leaves and mature green leaves (Fig. 4A) . The transcripts were barely seen at the S1 stage, highly induced at the S2 stage, and decreased rapidly at the S3 stage. The distribution of SPG31 mRNA in different organs -including flowers, stems, lateral roots and tuberous roots -was also examined. SPG31 mRNA expression was hardly detected in the organs tested (Fig. 4B ). 25S rRNA gene was probed with the same RNA blots to verify the equal loading. In conclusion, the expression of SPG31 is specifically induced in the senescing leaves of sweet potato.
Identification of SPG31 protein in senescing leaves by twodimensional electrophoresis (2-DE) and N-terminal sequencing
To determine if the induced-level of SPG31 mRNA is relevant for leaf senescence in sweet potato the presence of SPG31 protein in the senescing leaves must be examined. Total leaf protein was then extracted from the mature green leaves and combined senescing leaves of S2 and S3 stages separately. The protein extracts were then fractionated by 2-DE with the linear immobilized pH gradient (pH 4-7) for the first dimension and SDS-PAGE for the second dimension. Numerous protein spots were identified to be present only in the senescing leaves and not in the green leaves (data not shown). These senescence-associated proteins were then electroblotted onto polyvinylidene difluoride (PVDF) membranes and analyzed by N-terminal sequencing. The big protein spot indicated by an arrowhead near the acidic side of the 2-D protein pattern of the senescing leaves (Fig. 5 ) reveals the N-terminal sequence of SVPTTVDWRTKGAVTPVKDQ. This sequence corresponds exactly to the N-terminal sequence of the mature SPG31 protein if the cleavage site for the propeptide is between Ser-121 and Ser-122 (Fig. 1) . The apparent mol wt of SPG31 mature protein (about 30 kDa) on the 2-D gel is much higher than the predicted molecular mass of 23.2 kDa. Such a discrepancy was reported in a number of cysteine proteinases, for examples 32 P]-labeled SPG31 full-length cDNA (1.3 kb) and then Arabidopsis 25S rRNA gene probe to verify the equal loading. Thirty micrograms of total RNA was loaded in each lane of a 1% (w/v) agarose gel. The autoradiograms were analyzed with a PhosphorImager (Molecular Dynamics, U.S.A). Y1 and Y2 refer to RNA isolated from folded young leaves (about 1.5 cm in length) and young leaves that just began to unfold (about 3 cm in length), respectively. MG refers to fully expanded mature green leaves (8-10 cm in length, 100% Chl). S1, S2 and S3 refer to senescing leaves with Chl content of 70-90%, 50-70%, and 30-50%, respectively. The leaf sample in (B) refers to RNA isolated from a combination of senescing leaves (S1, S2 and S3).
tobacco NTCP-23 (Ueda et al. 2000) , ryegrass See1 (Li et al. 2000) and petunia P21 (Tournaire et al. 1996) . It is possibly due to glycosylation of the mature proteins, and potential glycosylation sites have been predicted in these enzymes. In conclusion, the mature SPG31 protein was found to be present abundantly in the senescing leaves, but not in the mature green leaves.
During sweet potato leaf senescence, the proteins are degraded and released as amino acids from older leaves to younger leaves and storage tissues such as root tubers. In the proteolytic process, various proteases are thought to act coordinately. SPG31 may therefore participate in mobilization of nitrogen from protein specifically in leaves that are undergoing senescence. Whether there are specific target proteins for SPG31 remains to be investigated.
Ethylene-responsive expression of SPG31 in sweet potato leaves
The initiation and progression of leaf senescence are known to be influenced by various internal and external factors (Smart 1994 , Nam 1997 , Park et al. 1998 , Weaver et al. 1998 . Internal senescence-inducing factors appear to be hormonal in nature. For this reason, we have examined whether the expression of SPG31 mRNA was affected by various hormones. The mature green leaves of sweet potato were detached at the middle part of the petioles and incubated under continuous light in water containing an appropriate concentration of hormone for 3 d. The hormones examined include 0.1 mM N 6 -benzyladenine (BA), 5 mM IAA, 0.1 mM ABA, 1 mM salicylic acid (SA), 45 mM methyl jasmonate (MeJA) and 5 ppm ethylene. For ethylene treatment, detached leaves inserted in water were incubated in a chamber containing ethylene gas at 5 ppm. Total RNA was prepared from leaves after 1 d, 2 d and 3 d of hormone treatment, and Northern analyses were conducted. As a control, total RNA prepared from the mature green leaves incubated in water was also analyzed.
As indicated in the upper left panel of Fig. 6 , no SPG31 transcripts were detected in the mature green leaves or the leaves after 1-3 d of incubation in water. No visible symptom of senescence was observed in these leaves. Application of the plant defense-signaling molecules SA or MeJA (van Wees et al. 2000) up to 3 d did not induce the SPG31 expression in leaves (data not shown). The growth-enhancing hormone IAA induced the SPG31 expression only slightly after 1 d of treatment. Leaves treated with cytokinin (0.1 mM BA) showed induction of SPG31 expression after 1 d, and then decreased rapidly in transcript levels after 2 d and 3 d of treatment (Fig. 6,  right upper panel) . The reason for the induction of SPG31 mRNA after 1 d of treatment is not clear, since cytokinin is thought to be an antagonist of senescence (Gan and Amasino 1995) . Perhaps during incubation cytokinin levels in the leaves are increasing from a low level that promotes senescence to a high level that inhibits senescence. In contrast, leaves treated with the senescence-inducing hormone ethylene (Grbic and Bleecker 1995) showed remarkable induction of SPG31 expression in 1-3 d (Fig. 6 , right lower panel); and severe symptoms of senescence including leaf yellowing were observed. Thus ethylene is the strongest inducer of SPG31 expression among the hormones examined. ABA, thought also to be a senescence-inducing hormone, did not induce SPG31 expression (data not shown).
Noh and Amasino (1999a) and Noh and Amasino (1999b) have performed a detailed investigation on the promoter function of the senescence-specific gene SAG12. Expression of SAG12 is found to be specifically activated by developmentally controlled senescence pathways but not by hormone-or stress-controlled pathways. The regulation of SPG31 expression appears quite different from that of SAG12 expression during leaf senescence. The conserved region of the SAG12 promoter (-603 to -571), responsible for senescence-specific regulation (Noh and Amasino 1999a) , is not found in the 899-bp SPG31 promoter region. On the contrary, a number of putative ethylene-responsive elements (Montgomery et al. 1993 , Itzhaki et al. 1994 ) are found in the SPG31 promoter region (Fig. 1) . The physiological function for these elements is confirmed by the ethylene-responsive regulation of SPG31 mRNA expression as demonstrated in Fig. 6 . A detailed functional analysis of the cis-acting regulatory elements and the corresponding trans-acting factors for the SPG31 promoter is currently in progress.
Materials and Methods

Plant growth
Sweet potato (Ipomoea batatas cv. Tainong 57) was grown in moist compost mix in 30´90 cm pots under a photoperiod of 14 h light/10 h dark at 28-30°C in a greenhouse. Leaves were harvested at Stage Y1 (folded young leaf, about 1.5 cm in length), Y2 (young leaf beginning to unfold, about 3 cm in length), MG (fully expanded mature green leaf, 8-10 cm in length, 100% Chl), S1 (senescing leaf of 70-90% Chl), S2 (50-70% Chl) and S3 (30-50% Chl). The progression of senescence was determined by comparing the Chl content of the leaves to that of mature green leaves (MG) using the method of Lichtenthaler (1987) . Leaf samples and other organs including mature flowers, stems, lateral roots and root tubers were excised and frozen immediately in liquid nitrogen for the following analysis.
RNA isolation and Northern analysis
Total RNA was extracted from different tissues of sweet potato with guanidine HCl and organic solvent according to Huang et al. (2001) . For Northern blotting, 30 mg of total RNA from each sample was electrophoresed on a 1% (w/v) agarose gel after denaturation with glyoxal and transferred to a positively charged nylon membrane (Boeringer Mannheim GmbH, Mannheim, Germany) as described by Chen et al. (1995) . The filter was then hybridized sequentially with [
32 P]-labeled SPG31 full-length cDNA and specific gene probe for 25S rRNA. The procedure for hybridization and autoradiography were the same as described elsewhere . Visualization of hybridization bands was carried out using PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A).
Cloning of SPG31 full-length cDNA, genomic sequence and promoter region Full-length cDNA clone of SPG31 was obtained by performing 5¢-RACE using the SMART™ RACE cDNA amplification kit (Clontech Laboratories, Palo Alto, CA, U.S.A.) according to the manufacturer's instructions. A gene-specific primer G31P1 (5¢-GATTGCAT-AGCAATACCGCAAAGCCCTTCC-3¢) was designed for the 5¢-RACE reaction. The resulting full-length cDNA was then cloned into the pGEM-T Easy vector (Promega, Madison, WI, U.S.A.) and sequenced by an ABI PRISM 377 DNA sequencer (PE Applied Biosystems, Foster City, CA, U.S.A.).
To clone the SPG31 genomic sequence, sweet potato genomic DNA was isolated from young leaves by grinding 2 g of the tissue in liquid nitrogen and adding 10 ml of extraction buffer (100 mM TrisHCl, pH 8.0, 0.8% CTAB, 1% PVP, 1.2 M NaCl, 20 mM EDTA, 1.4% 2-mercaptoethanol). The mixture was shaken at 65°C for 2 h, followed by extraction with 6 ml of chloroform. The supernatant after centrifugation was then subjected to isopropanol precipitation. The resulting DNA pellet was dissolved in 1 ml of 1 M NaCl at 65°C for 30 min, followed by ethanol precipitation. The DNA was further treated with RNase, followed by phenol extraction and ethanol precipitation. Approximately 100 ng of total DNA was then used as template for long-distance PCR to clone SPG31 genomic DNA. A primer pair (30-base long) with sequences corresponding to 5¢-and 3¢-end portions of SPG31 full-length cDNA (AF242185) was employed for PCR amplification using Advantage 2 Taq polymerase mix (Clontech). After denaturation at 94°C for 1 min, amplification of DNA was carried out for 35 cycles (10 s at 94°C, 4 min at 64°C). Final extension was performed at 68°C for 4 min. The product of a single 1,395-bp DNA fragment was then cloned into the pGEM-T Easy vector. To clone the SPG31 promoter region, the DNA walking method with the Genome Walker kit (Clontech) was employed. Two gene-specific antisense primers corresponding to nucleotide positions 986-1,013 and 956-980 of the SPG31 genomic sequence (AY055589) were used in two PCR amplifications of the adaptor-ligated genomic DNA fragments. An 899-bp promoter fragment was then obtained after cloning into pGEM-T Easy vector.
Southern blot analysis
Sweet potato genomic DNA (14 mg) was digested with various restriction enzymes and resolved by electrophoresis in 0.8% agarose gel and transferred onto a nylon membrane (Boeringer Mannheim GmbH). The filter was probed with the [ 32 P]-labeled 3¢-end portion of SPG31 cDNA (300 bp long).
Preparation of sweet potato leaf protein for 2-DE
Sweet potato leaves ground in liquid nitrogen (0.5 g) were mixed vigorously in 3 ml of extraction solution (4% SDS, 5% sucrose, 5% 2-mercaptoethanol, 5 mM PMSF, 3% PVP) at room temperature for 10 min. The suspension was heated at 100°C for 3 min followed by centrifugation at 20,000´g for 15 min. The supernatant was added with 10 volumes of cold acetone and kept at -18°C for 10 min. The precipitate was collected by centrifugation at 10, 000´g for 5 min and dried briefly under vacuum. The pellet was solubilized in 2.6 ml of UKS solution (9 M urea, 5 mM K 2 CO 3 , 6% Triton X-100, 6% SDS, 2% 2-mercaptoethanol and 8 mM PMSF) with gentle shaking at 37°C for 1 h, followed by centrifugation at 20,000´g for 15 min. The supernatant was precipitated again by addition of 6 volumes of 6% ice-cold trichloroacetic acid. After centrifugation the protein pellet was washed several times with methanol containing 0.4 M ammonium acetate. The dried pellet was solubilized in 200-400 ml of 2-DE sample solution containing 9 M urea, 0.5% Triton X-100, 2% 2-mercaptoethanol, 2% carrier ampholytes (Pharmalyte, pH 3-10, Pharmacia Biotech AB, Uppsala, Sweden) and 0.003% bromophenol blue at 37°C for 1 h. After centrifugation to remove residual precipitate, the clarified protein sample was stored at -18°C for 2-DE analysis.
2-DE and N-terminal sequencing
2-DE analysis was performed essentially as described by Tsugita et al. (1996) . Approximately 50 mg of leaf proteins (20 ml in volume) was used for silver staining, while 250 mg of leaf proteins was used for spot sequencing. Isoelectric focusing was carried out in a horizontal electrophoresis system Multiphor II (Pharmacia Biotech) for the first dimension using immobilized pH gradient (pH 4-7) strip, followed by vertical SDS-PAGE (14% acrylamide) for the second dimension. After electrophoresis running, the proteins on the slab gel were electroblotted onto PVDF membranes (Millipore Corp., Bedford, MA, U.S.A.) and visualized by Coomassie brilliant blue (R-250) staining briefly. The stained protein spot was cut out and the amino-terminal sequence was determined by automated Edman degradation in a protein sequencer (model 477A, Perkin-Elmer, Applied Biosystems, Foster City, CA, U.S.A.).
Plant hormone treatment
The detached mature green leaves (8-10 cm in length) of sweet potato were prepared by cutting at the middle part of the petioles and inserting them (abaxial side up) in sterile water containing appropriate concentrations of hormones. The hormone solutions used included 0.1 mM BA, 5 mM IAA, 0.1 mM ABA, 1 mM SA and 45 mM MeJA. The leaves were also sprayed twice a day with the corresponding hormone solution until it ran off the leaves. Control leaves were handled similarly but placed only in sterile water. Ethylene treatment was performed on leaves inserted in water enclosed in a Plexiglas chamber with ethylene gas at 5 ppm. All treatments were carried out at room temperature in dim light (20-40 mE m -2 s -1 ) for 3 d. The leaf tissues were then subject to Northern analysis for the expression level of SPG31.
